It was previously concluded that opposing gradients of sulphate and methane, observations of 16S ribosomal DNA sequences displaying great similarity to those of anaerobic methane-oxidizing Archaea and a peak in sulphide concentration in groundwater from a depth of 250-350 m in Olkiluoto, Finland, indicated proper conditions for methane oxidation with sulphate. In the present research, pressure-resistant, gas-tight circulating systems were constructed to enable the investigation of attached and unattached anaerobic microbial populations from a depth of 327 m in Olkiluoto under in situ pressure (2.4 MPa), diversity, dissolved gas and chemistry conditions. Three parallel flow cell cabinets were configured to allow observation of the influence on microbial metabolic activity of 11 mM methane, 11 mM methane plus 10 mM H 2 or 2.1 mM O 2 plus 7.9 mM N 2 (that is, air). The concentrations of these gases and of organic acids and carbon, sulphur chemistry, pH and E h , ATP, numbers of cultivable micro-organisms, and total numbers of cells and bacteriophages were subsequently recorded under batch conditions for 105 days. The system containing H 2 and methane displayed microbial reduction of 0.7 mM sulphate to sulphide, whereas the system containing only methane resulted in 0.2 mM reduced sulphate. The system containing added air became inhibited and displayed no signs of microbial activity. Added H 2 and methane induced increasing numbers of lysogenic bacteriophages per cell. It appears likely that a microbial anaerobic methane-oxidizing process coupled to acetate formation and sulphate reduction may be ongoing in aquifers at a depth of 250-350 m in Olkiluoto. The ISME Journal (2013) 7, 839-849; doi:10.1038/ismej.2012.144; published online 13 December 2012
Introduction
Depth profiles of anaerobic aquatic sediments where sulphate and methane meet with the concomitant occurrence of sulphide have been interpreted as evidence of anaerobic methane oxidation (AOM) with sulphate as the final electron acceptor (Zehnder and Brock, 1980; Thomsen et al., 2001; Knittel and Boetius, 2009) . A typical such sulphatemethane transition zone, albeit on a much broader scale than in aquatic sediments, was evident from the analysis of methane, sulphate and sulphide over depth in groundwater below the island of Olkiluoto, Finland . In the 250-350-m depth zone, the sulphate concentration decreased with depth from 5 to o0.1 mM, whereas methane increased with depth from 40 mM to 4 mM. In addition, the sulphide concentration in this zone reached approximately 300 mM at several sampled sites, which was 10-15 times higher than that found in shallower or deeper groundwater. Similarly, the total number of cells (TNCs), ATP concentration and numbers of culturable sulphate-reducing bacteria (SRB) were greater in groundwater samples from this zone than in shallower or deeper samples . It was concluded that the sulphate-methane transition zone under Olkiluoto likely offered proper conditions for a microbial AOM process involving sulphate as electron acceptor.
The island of Olkiluoto has been selected for the construction of a deep repository for spent nuclear fuel (SNF) and other high-level radioactive wastes. A tunnel system denoted ONKALO is under construction (www.posiva.fi) and has reached its final depth of 454 m below ground. This tunnel system serves two purposes, allowing research into issues related to the safe disposal of SNF and access to the future SNF repository. The Olkiluoto SNF repository will be situated at a sulphate-free and methane-rich depth of 500 m. The safety analysis of repository performance must include a scenario in which shallow, sulphate-rich groundwater reaches the repository. This is because the Finnish disposal concept includes encapsulation of SNF in copper and SRB produce sulphide that is corrosive to copper. Therefore, a research programme has been initiated to study the risk of sulphide production in the event that sulphate-rich groundwater penetrates to repository depth and mixes with deep, methanerich groundwater (Aalto et al., 2009) . The research presented here was a part of that programme, which addresses the following question: will microbial AOM commence with sulphate reduction and generate sulphide in amounts that could threaten the integrity of the copper canisters?
The ONKALO tunnel enables investigations of microbial activity under in situ conditions, similar to the investigations previously performed in the Ä spö Hard Rock Laboratory (HRL) tunnel. In the Ä spö HRL, the influence of acetate, H 2 , and O 2 on microbial activity could be investigated using flow cell (FC) circulating systems operating under in situ conditions, including pressure, at a depth of 450 m (Pedersen et al., 2012a, b) . Installing FC circulating systems in the ONKALO tunnel at a depth of 327 m enabled the investigation of microbial sulphatereduction activity in groundwater from an aquifer where mixing between methane-and sulphate-rich deep and shallow groundwater, respectively, was ongoing. This mixing was driven by a slow and diffuse outflow of groundwater to the tunnel via aquifers intersected by the tunnel.
In the present work, three parallel FC cabinets (FCCs) were configured with four FCs each to permit observation of the effect on microbial metabolic activity of 11 mM methane, 10 mM H 2 plus 11 mM methane or 2.1 mM O 2 plus 7.9 mM N 2 (that is, air). The FCs were first inoculated under an in situ pressure of 2.4 MPa in the ONKALO tunnel with circulating groundwater from a selected aquifer at a depth of 327 m for 110 days, after which they were installed in the laboratory in three independent FCCs under in situ conditions and supplied with their respective added gases. The concentrations of H 2 , methane, sulphate, sulphide, ferrous iron, and organic acids and carbon as well as pH and E h were subsequently recorded under batch conditions for 105 days. The numbers of cultivable heterotrophic aerobic bacteria (CHAB), SRB, nitrate-reducing bacteria (NRB), iron-reducing bacteria (IRB), manganesereducing bacteria (MRB), autotrophic acetogens (AAs), autotrophic methanogens (AMs) and viruslike particles (VLPs) as well as the TNC and amounts of unattached and attached biomass measured as ATP were also monitored over this period. The microbial diversities of cultures and of attached micro-organisms were compared using microarrays. The effects of the different gas additions were evaluated.
Materials and methods
Groundwater source A 76-mm diameter borehole denoted ONK-PVA06 was drilled in a niche of the ONKALO tunnel at a depth of 318.7 m (Toropainen, 2009) . The drilling was done at a -14.8% inclination on 3-4 November 2009 to a total length of 35.15 m. A metal-free packer system isolated an aquifer in the borehole located 32.7-32.9 m from the tunnel rock face at a depth of 327 m; the groundwater was directed by this packer system to the FCs described below and back to the aquifer via two parallel, 1/8-inch polyetheretherketone thermoplastic tubes of high-pressure liquid chromatography quality (IDEX Health and Science, Oak Harbor, WA, USA). The packer system is described in detail elsewhere (Pedersen, 2005) and an overview is presented in Supplementary  Figure 1 .
Groundwater characterization
The microbiology of the ONK-PVA06 groundwater was analysed in samples collected on 23 September 2010 as described elsewhere . Groundwater chemistry was analysed in samples collected on 8 November 2010 and transferred to the Teollisuuden Voima Oy laboratory directly after sampling. The chemical analyses were performed by Teollisuuden Voima Oy according to their protocols, or were subcontracted to external laboratories as described in detail elsewhere (see Supplementary  Table 3 in Pedersen et al., 2008) .
FC systems for fieldwork, configuration of experiments and sampling procedures Three identical field systems with four FCs each were installed in a container placed in a tunnel niche at a depth of 320 m in the ONKALO tunnel, as shown in Supplementary Figure 2 , and connected to the packer system in ONK-PVA06 as described in Supplementary materials and methods. The 12 FCs exposed to ONK-PVA06 groundwater for 110 days were transported under pressure from the ONKALO tunnel to the laboratory in Mö lnlycke and installed, four by four, in three FCCs. These FCCs have been described in detail elsewhere (Pedersen, 2005; Hallbeck and Pedersen, 2008) and are shown in Supplementary Figure 3 . Gases were added corresponding to final theoretical concentrations of 7.9 mM N 2 plus 2.1 mM O 2 , 11 mM methane and 11 mM methane plus 10 mM H 2 (including 2.7 mM naturally occurring methane in the groundwater); these treatments are hereafter denoted O 2 :N 2 , CH 4 and H 2 :CH 4 , respectively. Further configuration details are given in Supplementary materials and methods. Sampling for analysis was performed six times, on days 3, 21, 42, 63, 84 and 105, as described in Supplementary materials and methods.
E h in FCCs with internal electrodes Four pressure-resistant microsensor E h electrode couples, each with one platinum micro-electrode with a tip diameter of 400-600 mm (RD500; Unisense A/S, Aarhus, Denmark) and one Ag/AgCl reference electrode with a tip diameter of 90-110 mm in gelstabilized electrolyte (REF100; Unisense A/S), were installed in line in each FCC circulation system as described previously (Pedersen, 2012b) .
pH and E h measured using external electrodes E h was analysed using a HACH HQ40d portable multimetre (HACH Lange AB, Skö ndal, Sweden) equipped with a MTC101-05 probe (HACH Lange AB) installed in a FC connected to the analysed FCC. This installation avoided contact with air that could have influenced E h because of the degassing of H 2 , carbon dioxide and sulphide from the samples. pH was determined using 5 ml subsamples immediately following extraction from the FCCs, using a Schott CG84310 pH metre (SI Analytics GmbH, Mainz, Germany) fitted with a BlueLine 13 pH electrode (VWR International LLX, Radnor, PA, USA), calibrated as per the manufacturer's instructions.
Analysis of sulphate and of sulphur isotope composition in sulphate Samples for sulphate analysis were collected in sterile 15 ml PP tubes and frozen at -20 1C until analysis using the SulfaVer 4 method (method no. 8051, programme 680; HACH Lange AB; range 0.03-0.73 mM with 95% confidence limits of distribution of ± 10%). Samples for the analysis of the d 34 S values of sulphate were collected in 125 ml polypropylene bottles (Nalgene, Rochester, NY, USA; Thermo Fisher Scientific, Waltham, MA, USA) and sent for analysis using an elemental analyser-isotopic ratio mass spectrometer to IsoAnalytical Limited (Crewe, UK).
Acetate, lactate, organic carbon, ferrous iron and sulphide analyses Acetate and lactate concentrations were determined using the enzymatic UV method (kit no. 10148261035 for acetate and kit no. 10139084035, for lactate; Boehringer Mannheim/R-Biopharm AG, Darmstadt, Germany) using a Genesys 10UV spectrophotometer (Thermo Fisher Scientific) for detection. Samples for the analysis of dissolved organic carbon (DOC) were diluted 1-100 times before analysis to obtain the optimal analytical concentration range. Samples of 14 ml were filtered through 0.2 mm hydrophilic syringe filters (Minisart; Sartorius Stedim Biotech, Goettingen, Germany) and deep frozen at À 20 1C until analysis at the Department of System Ecology, Stockholm University, according to Swedish Standard SS-EN 1484. The detection limit for DOC was 20 mM and the uncertainty was ±20 mMo420 mM and 7%4420 mM. Sulphide was analysed using a colorimetric methylene blue method with an uncertainty of ± 17% (Swedish standard method SIS 028115). Ferrous iron concentrations were determined using the 1-10 phenanthroline method (method no. 8146, programme 255, HACH Lange AB; range 0.4-54 mM with 95% confidence limits of distribution of ±11%).
ATP analysis
The ATP Biomass Kit HS (no. 266-311; BioThema, Handen, Stockholm, Sweden) was used to determine total ATP in living cells in groundwater. The ATP biomass method used here has been described, tested in detail and evaluated for use with Fennoscandian Shield groundwater (Eydal and Pedersen, 2007) . The method was applied on biomass attached to the rock grains with the following modification. Approximately 10 rock grains were sampled from each of two FCs per FCC and placed in ATP extraction solution and analysed. Samples were diluted before analysis to obtain the optimal analytical concentration range.
Total number of cells
The TNC ml -1 was determined in 10 ml samples using the acridine orange direct count method as devised by Hobbie et al. (1977) and modified by Pedersen and Ekendahl (1990) .
Total number of VLPs
Total numbers of VLPs were determined using a direct count method with SYBR Gold (Invitrogen, Carlsbad, CA, USA) according to Noble and Fuhrman (1998) and Chen et al. (2001) .
Gas sampling and analysis
Water samples were collected using a pressure vessel as described elsewhere . Extraction and analysis of gas subsequently followed procedures described previously by Pedersen (2012b) .
Analysis of most probable numbers of culturable anaerobic micro-organisms Media were prepared for CHAB and the most probable number analysis (MPN) of NRB, IRB, MRB, SRB, AA and AM as described elsewhere . Five tubes were used for each 10 times dilution, resulting in an approximate 95% confidence interval lower limit of 1/3 of the obtained value and an upper limit of three times the value (Greenberg et al., 1992) . The cultivation time was about 8 weeks to ensure that slow-growing micro-organisms would be included in the results. Sampling and analysis were conducted on days 0 and 105 for IRB and MRB, whereas NRB, SRB and AA were sampled and analysed on all full sampling occasions.
DNA analysis of attached communities DNA was extracted from attached communities on rock grains collected from CH 4 and H 2 :CH 4 FCs on day 118 and analysed using the G3 PhyloChip assay (Hazen et al., 2010) by Second Genome Inc. (San Bruno, CA, USA) as outlined in Supplementary materials and methods.
Statistical analyses
Data graphics design and statistical analyses were performed in Statistica 10 (Statsoft Inc., Tulsa, OK, USA).
Results

Experimental conditions
Previous groundwater microbiology experiments at in situ pressure and chemistry were performed from start to finish in the underground Ä spö HRL (Nielsen et al., 2006; Anderson et al., 2007; Pedersen, 2012a, b) . In the present work, the transfer of the pressurized FCs, containing biofilms and groundwater, to the FCCs in the ground-level laboratory offered improved continuous surveillance of the systems and more efficient sampling and analytical conditions than in the previous underground FCC installation.
Groundwater characterization There were 3.7 Â 10 4 cells ml -1 and 2.8 Â 10 4 amol ATP ml -1 in the groundwater analysed on 23 September 2010. NRB dominated the MPN determination and, except for the MPN of methanogens, all samples were above the detection limit (Table 1 ). The groundwater analysed on 8 November 2010 had a pH of 7.6 (analysed in the Teollisuuden Voima Oy laboratory), a conductivity of 1520 ms m -1 , and a temperature of 11 1C. The major dissolved solids were 150 mM Cl -, 91 mM Na þ , 28 mM Ca 2 þ and 1.0 mM SO 4 2-. The following were also analysed: PO 4 -and NO 3 -at o0.01 mM, 1.7 mM NH 4 þ , 36 mM Fe 2 þ , o0.01 mM HS -, 230 mM HCO 3 and 0.2 mM DOC. There was 0.07 mM H 2 and 4.5 mM CH 4 dissolved in the groundwater analysed on 23 September 2010.
pH, E h and gases The pH increased from the starting value of approximately 7.4 to approximately 8.5 in the H 2 :CH 4 FCC after 40 days, but did not increase in the other two FCCs (Figure 1a) . The E h of the H 2 :CH 4 FCC rapidly decreased to approximately -400 mV, as registered by the internal microelectrodes (Figure 1b) . The E h of the CH 4 FCC decreased as well, reaching a steady level of -300 mV after 35 days, whereas the E h of the O 2 :N 2 FCC slowly decreased to 0 mV by the end of the experiment. A technical problem occurred with the electrodes in O 2 :N 2 , which lost contact with the FCC between days 90 and 110. Sampling the rock grains for ATP and DNA analysis inevitably introduced small amounts of O 2 when the FCs were opened, as indicated by the peaks in E h after each sampling occasion (Figure 1b ). This effect diminished within a few days, as expected from previous Ä spö HRL results, indicating the effect of adding 0.1-0.2 mM O 2 (Pedersen, 2012b) . The internal E h electrodes reported these effects in continuous mode and were superior in sensitivity to the external E h electrode (Figure 1c ). The addition of gases resulted in expected concentrations of H 2 (10 mM) and methane (11 mM; Figures 1d and e). The O 2 concentration was 2.2 mM in the O 2 :N 2 system on day 0 and decreased linearly to 0.2 mM by day 105.
The H 2 concentration decreased exponentially in the H 2 :CH 4 FCC from just below 10 mM at start to 0.1 mM after 105 days as a result of microbial consumption and diffusion out of the system (Figure 1d ). Similar decreasing trends have been observed and discussed previously for H 2 in the FCCs (Pedersen, 2012a) . Both the CH 4 and the H 2 :CH 4 FCCs were amended with 8 mM methane, which supplemented the in situ concentration of 2.7 mM as found in the O 2 :N 2 system, resulting in a total of just below 11 mM methane (Figure 1e ). The methane concentration decreased exponentially in the CH 4 and the H 2 :CH 4 FCCs from just below 11 mM at start to 5.5 mM after 105 days, possibly due to microbial consumption. Diffusion of methane out of the system, or aerobic microbial oxidation, did not occur in the inactivated N 2 :O 2 FCC, suggesting that the observed drop in methane concentration for the amended FCCs was due to an AOM process. Numbers of cells and VLPs; amount of ATP The rock grains in the FCCs were colonized by micro-organisms, as revealed by the ATP (Figure 2b ) and DNA (Supplementary information Figure 4) analyses. Applying the previously observed average ATP content of approximately 0.4 amol per cell (Eydal and Pedersen, 2007; Pedersen, 2012a) , the number of attached cells averaged 1.1 Â 10 9 cells per FCC, that is, 10 6 amol ATP g -1 Â 440 g FCC -1 /0.4 amol ATP cell -1 . The corresponding average number of unattached cells was 0.5 Â 10 9 cells per FCC (that is, 1 Â 10 5 cells ml -1 Â 5000 ml). Consequently, approximately two-thirds of the biomass was attached and one third was unattached in the FCCs.
The amount of ATP ml -1 and the TNC ml -1 did not differ significantly between the CH 4 and H 2 :CH 4 FCCs, but was significantly lower in the O 2 :N 2 FCC (Figures 2a and c) . In contrast, the amounts of ATP g -1 rock grain did not differ over time between any of the FCCs (Figure 2b ). The number of VLPs increased rapidly after 20 days in both the CH 4 and the H 2 :CH 4 systems, as indicated by the numbers of VLPs per cell in Figure 2d , whereas the VLP counts decreased to below detection (o100 VLPs ml -1 ) in the O 2 :N 2 FCC after 20 days.
FCC chemistry
The sulphate concentration decreased by approximately 700 mM by day 105 compared with the starting concentration in the H 2 :CH 4 FCC (Figure 3a) . Sulphate decreased by 200 mM in the CH 4 FCC and did not change significantly in the O 2 :N 2 system. The sulphide concentration increased Figure 1 (a) The pH and (b) E h measured using internal electrode couples, average of four electrode signals; (c) E h measured using an external multimetre (mV); (d) dissolved H 2 concentration and (e) dissolved methane concentration in FCC circulations supplemented with 2.2 mM O 2 plus 7.9 mM N 2 (K, blue line in b), 11 mM methane (', black lines in b) and 10 mM H 2 plus 11 mM methane (m, red lines in b).
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to approximately 250 mM in the H 2 :CH 4 FCC and was below detection (0.01 mM) in the other two FCCs (Figure 3b ). Ferrous iron increased to approximately 50 mM in the CH 4 FCC and was below detection in the other FCCs, except on day 20 in the H 2 :CH 4 FCC when the concentration was 20 mM (Figure 3c ). An increase in pH was observed in the H 2 :CH 4 FCC because of the protons consumed by the sulphatereduction process with H 2 (that is, 4
Cultivated micro-organisms and organic acids and carbon The MPN of SRB increased in the CH 4 and the H 2 :CH 4 FCCs, with the largest values observed in the CH 4 FCC, whereas the MPN of SRB decreased to below detection (0.2 cells ml -1 ) in the O 2 :N 2 FCC (Figure 3d ). The MPN of SRB was 5 to 10 times larger in the CH 4 FCC than in the H 2 :CH 4 FCC, but sulphate reduction, observed as a decrease in SO 4 2- (Figure 3a) , was only 200 mM compared with the 700 mM decrease in the H 2 :CH 4 FCC. Although 700 mM sulphate was consumed, 250 mM sulphide was observed ( Figure 3b) ; the remaining sulphide was likely precipitated as iron sulphide, which was observed as a black precipitate in the FCs when sampling the rock grains. Ferrous iron was observed after 20 days (Figure 3c ), whereas sulphide was below detection. Thereafter, any produced ferrous iron would have been precipitated with sulphide. There were significant 1.5% and 2.5% increases in the d 34 S V-CDT for sulphate in the CH 4 :H 2 and the CH 4 FCCs, respectively, compared with the inactive O 2 :N 2 FCC, which attests that microbiological sulphate reduction did occur (Table 2 ). This fractionation was larger per amount of reduced sulphate in the CH 4 FCC (1.5/200 ¼ 0.008) than in the H 2 :CH 4 FCC (2.5/ 700 ¼ 0.004), possibly due to the difference in SRB diversity between the FCCs that was revealed by the PhyloChip analysis as described next. This is because there is a very large range of fractionation ability between various SRB species (Detmers et al., 2001) .
In the CH 4 FCC, the MPN of IRB increased, as did the concentration of ferrous iron, on day 105 as compared with day 0, whereas the MPN of MRB remained essentially the same (Tables 1 and 2 (Figure 4a) . Similarly, the numbers of CHAB were similar throughout the experiment in all FCCs, with approximately 4 Â 10 3 cells ml -1 in the H 2 :CH 4 and O 2 :N 2 FCCs and 2.5 Â 10 4 cells ml -1 in the CH 4 FCC (Figure 4b ). The MPN of AA increased concomitantly in the CH 4 and the H 2 :CH 4 FCCs to at most 1 Â 10 4 AA ml -1 after 60 days (Figure 4c ) and the acetate concentration increased to approximately 300 mM acetate after 105 days in both these Influence of H 2 and CH 4 on subterranean microbes K Pedersen
FCCs (Figure 4d ). The concentration of DOC increased to 1.3 and 1.7 mM in the CH 4 and the H 2 :CH 4 FCCs respectively, and stopped at o0.6 mM in the O 2 :N 2 FCC (Figure 4e) (Figures 3d, 4a, c) , whereas the aerobic CHAB results remained around the day 3 values for most of the experiment. Anaerobic microbial processes were obviously halted by the O 2 addition, but some aerobic microbial activity may have been ongoing, as suggested by the slowly decreasing Eh in this FCC (Figure 1b) . There was no acetate production or acetogen growth in the O 2 :N 2 FCC, whereas acetate and the MPN of AA increased in the other two FCCs, which further attests to the inhibiting effect of the aeration. This also demonstrated that the acetate production in Figure 3 Concentrations of (a) sulphate, (b) sulphide, and (c) ferrous iron as well as (d) the most probable number of SRB in the groundwater circulating through the three FC cabinets supplemented with 2.2 mM O 2 plus 7.9 mM N 2 (K), 11 mM methane (') and 10 mM H 2 plus 11 mM methane (m). Table 2 The most probable number of IRB and MRB, respectively, and the d 34 S ratio for sulphate in the three FCCs supplemented with 2.2 mM O 2 plus 7.9 mM N 2 (O 2 :N 2 ), 11 mM methane (CH 4 ), and 10 mM H 2 plus 11 mM methane (H 2 :CH 4 ) Sampling day IRB (cells ml -1 ) (95% confidence limits cells ml Influence of H 2 and CH 4 on subterranean microbes K Pedersen these systems was microbiological and not an artefact produced by the FC thermoplastic construction materials.
PhyloChip analysis H 2 addition narrowed the subfamily richness in the H 2 :CH 4 FCC, revealed by the PhyloChip analysis, versus in the CH 4 FCC. Adding excess H 2 to an ecosystem adapted to high concentrations of methane and only traces of H 2 narrowed the subfamily richness and markedly changed the species abundance (Supplementary Figure 4) compared with the in situ diversity reflected in the CH 4 FCC. Bacterial subfamily richness was 199, 301 and 373 in the H 2 :CH 4 Â 4, CH 4 Â 4 and CH 4 Â 40 extraction samples, respectively, whereas archaeal subfamily richness was 3, 4 and 7, respectively (see Supplementary materials and methods, DNA extraction and concentration, for explanation of the Â 4 and Â 40 extractions). Methanomicrobiales and Methanosarcinales were present in all extractions in low but significant and comparable amounts. A larger percentage of Pseudomonadaceae appeared to be present in the CH 4 Â 40 than the CH 4 Â 4 sample, but a larger percentage of Pseudomonadaceae was present in the CH 4 Â 4 than the H 2 :CH 4 Â 4 sample. A larger percentage of Xanthomonadaceae was present in the H 2 :CH 4 Â 4 sample than in the other two samples; the H 2 :CH 4 Â 4 sample had no Micrococcaceae, whereas this family comprised 4% of the CH 4 samples. The number of operational taxonomic units (OTUs) in the Deltaproteobacteria class accounted for 3.9%, 4.0% and 2.7% of the OTUs in the H 2 :CH 4 Â 4, CH 4 Â 4 and CH 4 Â 40 samples, respectively. A circular tree showed that Firmicutes and Bacteroidetes OTUs varied in their abundance scores between the two treatments ( Supplementary   Figure 4 The numbers of NRB, (b) CHAB, and (c) AAs as well as (d) the acetate concentration and (e) DOC concentration in the groundwater circulating through the three FC cabinets supplemented with 2.2 mM O 2 plus 7.9 mM N 2 (K), 11 mM methane (') and 10 mM.
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Figures 4 and 5). In particular, some of the largest differences were found for a Clostridium sequence (OTU 32005) that was much more abundant in the H 2 :CH 4 than the CH 4 samples and for Bacteroidales sequences (OTUs 46 869 and 47 213) that were much more abundant in the CH 4 than the H 2 :CH 4 samples. Large differences were evident in the Proteobacteria, as suggested by the different percentages of Pseudomonadaceae and Xanthomonadaceae in the samples. The tree consequently showed that most of the OTU abundance scores diverged between the CH 4 and the H 2 :CH 4 samples, that is, the different gas treatments resulted in different OTU abundances and diversities between the samples.
Discussion
Here, we present an in situ study of microbial metabolic activity in deep groundwater with hydrogen and methane as potential sources of energy and electron donors, and sulphate and Fe(III) as final electron acceptors. Adding hydrogen and methane induced the growth of NRB, SRB and AAs. The increase in these microbial numbers correlated with a marked reduction of sulphate to sulphide and the formation of acetate and DOC, as compared with an inactivated control. Supplementing the groundwater with methane alone similarly induced growth of NRB, SRB and AAs that correlated with the formation of acetate and DOC, but the reduction of sulphate was modest in comparison. IRB increased in numbers as did the concentration of ferrous iron in the methane-supplemented system.
The cultivation approach
It is often argued that most environmental microorganisms cannot be cultured (Sharma et al., 2005) . In this work, we successfully applied various culture procedures developed for the sampled environment (Vartoukian et al., 2010) . The results of the MPN cultivation with the electron acceptors Fe(III), Mn(IV), NO 3 -, SO 4 2-and CO 2 and the electron donors H 2 , acetate and lactate indicated the presence of micro-organisms capable of iron, manganese, nitrate and sulphate reduction. The detection limit for the MPN analysis was 0.2 cells ml -1 (Greenberg et al., 1992) , which makes this analysis very sensitive to cultivable micro-organisms. Here, the proportion of TNC detected using MPN analysis was 450% for NRB and SRB on several sampling occasions in the CH 4 FCC and 10-50% on most other sampling occasions in the CH 4 and the H 2 :CH 4 FCCs. Consequently, the varied cultivation approach was successful, revealing that the microbial populations were dominated by cultivable micro-organisms capable of nitrate and sulphate reduction and of acetate formation in the CH 4 and the H 2 :CH 4 FCCs, and IRB and MRB were found in significant numbers in the CH 4 FCC (Table 2 ). However, as many micro-organisms are facultative with respect to electron donors and acceptors, one cannot conclude the presence or absence of a metabolic process based solely on MPN results. The observed production of ferrous iron (Figure 3c ), sulphide ( Figure 3b ) and acetate (Figure 4d ) attests that the cultivated micro-organisms were active and expressed the metabolic activities that correlated with the MPN results. The MPN results were also in line with those for the original ONK-PVA06 groundwater, in which NRB was the dominant cultivable group of micro-organisms, followed by IRB and MRB (Table 1) . It can be concluded that the CH 4 FCC reproduced the growth conditions in the studied aquifer well, based on the similarity in the TNC, ATP, CHAB and MPN numbers. The increase in the MPN and metabolic activity of SRB in the CH 4 and the H 2 :CH 4 FCCs is discussed below.
Cell density control by bacteriophages
The presence of a viral mechanism for population control, similar in function to a viral shunt (Suttle, 2005) , in deep groundwater was indicated in previous FCC experiments (Pedersen 2012a, b) . It was hypothesized that bacteriophages exerted a significant mitigating effect on the numbers of microbial cells and on the observed production rate of sulphide, but VLP data were not obtained. In this investigation, the VLP/TNC data indicated that bacteriophages increased from 0.2 to 5 and 9 bacteriophages cells -1 after day 20 in the CH 4 and the H 2 :CH 4 FCCs, respectively (Figure 2d) , and that the TNC did not exceed 2.6 Â 10 5 cells ml -1 in any of the FCCs. In contrast, VLPs were below detection in the O 2 :N 2 FCC, which attests that the metabolic activity of micro-organisms in this system was likely inactivated by the O 2 addition to a level at which lytic phage activity was arrested. Taken together, is seems safe to conclude that bacteriophages controlled the number of cells in this experiment, keeping it at a cell density within the range observed in deep Fennoscandian groundwater, that is, between 5 Â 10 3 and 1 Â 10 6 cells ml À 1 Hallbeck and Pedersen, 2012) .
The marked sulphate reduction induced by H 2 was expected because many SRB have low half-saturation constants (K m ) and maximum uptake rates (V max ) for sulphate and hydrogen. For example, Sonne-Hansen et al. (1999) determined K m to be approximately 3 mM for sulphate and approximately 2 mM for H 2 for two thermophilic SRB. That was in line with the constants determined for mesophilic SRB (K s ¼ 1 mM) (Kristjansson et al. 1982; Robinson and Tiedje, 1984) . These numbers suggest that the SRB metabolized at the maximum sulphatereduction rate, V max , in the H 2 :CH 4 FCC, because the sulphate and hydrogen concentrations were much higher than the respective K m values. The stable isotope fractionation data confirmed that biological sulphate reduction was present. Although there was an excess of H 2 in this FCC, which would suggest a rapid increase in the numbers of SRB, these numbers did not increase above 5000 cells ml -1 , likely because the cell density was controlled by bacteriophages (Eydal et al., 2009 ).
Methane-induced acetogenesis and sulphate reduction AOM is suggested to proceed via several pathways with a range of final electron acceptors (Caldwell et al., 2008) . Some of these pathways include the formation of acetate from methane (Valentine and Reeburgh, 2000) . Both the CH 4 and the H 2 :CH 4 populations produced much more acetate and DOC than did the inactivated control (Figure 4d) , and the produced acetate constituted about 1/3 of the DOC in both systems. The only available electron donor and source of reduced carbon that can explain the formation of organic carbon in these systems was methane. About 5 mM methane were consumed in the methane-amended systems, which more than balanced the amounts of DOC formed. If there was an AOM-driven metabolism, biomass should be formed as well; however, because phages were active (Figure 2d ), a net increase in TNC or ATP was not observed (Figures 2a-c) . Possibly, growing cells were lysed by phages and the released cytoplasmic material contributed to the increase in DOC concentration over time.
The PhyloChip indicated a limited presence of the typical AOM orders Methanomicrobiales and Methanosarcinales (Knittel and Boetius, 2009 ) in the rock grain biofilms; various groups of SRB were also indicated, but methanogens could not be cultured. AOM is assumed to involve methanotrophic Archaea and syntrophic partners, and the absence of a large representation of Archaea in the populations studied here could imply that the generally accepted AOM process (Knittel and Boetius, 2009 ) may not be relevant for the studied deep groundwater. An alternative possibility that merits more research could be unknown AOM consortia that include methanotrophic Bacteria such as Methylomirabilis oxyfera (Wu et al., 2011) , but with other electron acceptors than NO 2 À , for example, Fe(III) or Mn(IV).
Implications for the SNF repository in Olkiluoto
The growth-stimulating effect of hydrogen on the investigated communities was expected because this gas is readily used by many different phylogenetic traits of anaerobic micro-organisms, such as SRB (Barton and Fauque, 2009) , acetogens (Drake et al., 2002) and methanogens (Ferry, 1992) . Regarding the anaerobic metabolism of methane, the situation is more obscure. Although AOM with sulphate as final electron acceptor is a welldocumented process, detailed information about the metabolic pathways of AOM awaits successful cultures (Knittel and Boetius, 2009 ). The combined use of cultivation with microarrays and chemical analysis in the present work resulted in a large data set. As discussed above, the data indicated that methane was a source of electrons and energy for metabolic activity, possibly in combination with acetate formation and sulphate reduction, but clear evidence of such an AOM process was not obtained. However, the present data form a solid basis for designing future experiments on AOM with sulphate in deep Olkiluoto groundwater.
In the event that sulphate-rich groundwater penetrates to the SNF repository in Olkiluoto and mixes with deep, methane-rich groundwater, this work has demonstrated that there seems to be a potential for microbial sulphate reduction to sulphide via two metabolic processes. First, in addition to the naturally occurring hydrogen in Olkiluoto groundwater, iron in water-filled deep underground SNF constructions is bound to corrode anaerobically with the concomitant production of H 2 (Reardon, 1995) , which may induce SRB growth and sulphide production. Secondly, the in-mixing of sulphaterich groundwater with the deep methane-rich groundwater at repository depth will induce SRB growth and activity. The electron donor is likely to be methane, but more research is required before conclusions can be drawn regarding the detailed nature and extent of an AOM process in Olkiluoto.
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